High Temperature Corrosion Resistance of Coatings Deposited by Hvof for Application in Steam Turbines  by Morales-Hernández, J. et al.
 Procedia Chemistry  12 ( 2014 )  80 – 91 
1876-6196 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Sociedad Mexicana de Electroquimica
doi: 10.1016/j.proche.2014.12.045 
ScienceDirect
New Processes and Materials Based on Electrochemical Concepts at the Microscopic Level 
Symposium, MicroEchem 2013 
High temperature corrosion resistance of coatings deposited by hvof 
for application in steam turbines 
J. Morales-Hernándeza*, A. Mandujano-Ruiza,  F. Castañeda- Zaldivara, R. Antaño-
Lópeza, J.Torres- Gonzáleza. 
aCentro de Investigación y Desarrollo  Tecnológico en Electroquímica, S. C., Parque Tecnológico Sanfandila, Pedro Escobedo, Querétaro, C.P. 
76703, México. 
Abstract 
The geothermal steam turbines are exposed to mechanisms of corrosion/erosion that weakens its components and reduces their 
useful life. Due to this problem work has been done in application and characterization of coating in solid state by means of the 
technique of high-velocity Oxygen Fuel (HVOF), evaluating the corrosion rate (Vcorr) at high temperature of MCrAlY and 
Diamalloy 4006 coatings deposited on stainless steel SS304.  Test was performance in an Autoclave at 170°C using a modified 
geothermal fluid as electrolyte. Open circuit potential was monitoring during 24 hours until the system reached the equilibrium. 
After that, Polarization and Impedance Spectroscopy techniques were used to evaluate the specimens. For microstructure 
characterization; X–ray Diffraction (XRD), electron sweep microscope (SEM) and Optical microscope were applied. Results 
show that both coatings (Diamalloy 4006 and MCrAlY), have low current density compare  with the substrate, which is an 
indicative of a lower corrosion rate due to the passive behavior of the species  deposited on the Surface of the coating. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Sociedad Mexicana de Electroquimica. 
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1. Introduction 
The advance in the field of materials science and particularly the development of functional coatings by different 
techniques of deposition in the solid state, has improved the efficiency and safety of components and equipment that 
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are subject of extreme conditions involving high temperatures and pressures of operation such as: heat exchangers, 
boilers, furnaces, as well as (Aeronautics) gas turbines blades. Steam turbines represent an area of interest for the 
development of coatings that not only can resist high temperatures, but would also be capable of withstanding 
exposure to corrosive environments and wear.  In Mexico, CFE (Federal Electricity Commission) reports that major 
damage by corrosion are found in steam turbines that operate with the geothermal steam extracted from underground 
wells and whose composition (Cl, SO4, Mg, Fe, S, H2SO4, Mg, Ca, etc.), varies depending on the geographic area 
where they are.1 Among the most frequent mechanisms of corrosion are; stress corrosion cracking (SCC), followed 
in order of appearance by corrosion pitting (P), corrosion flow accelerated (FAC) and erosion (E).2 In recent years 
turbine manufacturers, repair workshops in coordination with users and research institutes, have aimed their 
activities to the development of methods and procedures for repair successfully and/or prolong the useful life of 
rotors and blades of turbines. Within the maintenance options we have; partial or full replacement part and repair by 
welding which is economic, however, a poorly designed repair, can lead to catastrophic failure, with a major 
economic impact. Another option of maintenance that has been used recently is the use of coatings for metallic 
which also allows the recovery of dimensions of various components, offers the possibility of applying a material 
that offers better protection on the components of the turbines in corrosive and erosive environments3. Within this 
branch have been highlighted HVOF techniques since multiple combinations of materials have been deposited as 
CoNiCrAlY + Al2O·TiO2, WC -10 Co4Cr C; demonstrating resist temperatures up to 1,200°C working as a thermal 
barrier that protects the material base. 4 Some results obtained by Yoshihiro Sakai et al.5have shown that applying 
coatings by HVOF reflex technique good results to be subjected to tests of wear, fatigue, erosion and corrosion from 
a geothermal environment simulated in laboratory at high temperature. Based on these premises, this study assessed 
resistance and Corrosion rate (Vcorr) of commercial coatings as an alternative for use in steam turbines blades 
working in a geothermal power station "Los Azufres" in Morelia, México.
2. Experimental
2.1. Materials characterization 
The powders selected (MCrAlY y Diamalloy 4006), were deposited using an HVOF DJH 2700 hybrid gun. An 
stainless steel AISI/SAE 304 was used as substrate which were cut in pieces  of dimension 5 x 5 x 0.5cm  using  
water jet  with an OMAX 5555 JetMatchining® Center  equipment; the characteristics of the materials is shown in 
Table 1. 
Table 1. Composition of substrate and coatings. 
a Balance. 
 
To obtain the proper cleaning conditions, samples to cover were superficially prepared by sandblasting (Al2O3 
grade G-20), at a distance of 0.2 m and pressure air of 4 bar, to achieve a roughness Ra of between 5-10μm, for 
mechanical adhesion between the substrate and the particles sprayed. The conditions of deposition of MCrAlY and 
Diamalloy 4006 powders in relation to pressures and flows are suggested in the literature.6, 7 In such a way that 
could be a reference or starting point, for the manufacture of the coating; the terms used are included in table 2. 
Once obtained the coatings, they were heat-treated, subjecting them with a temperature of 780°C in a muffle for 3 
hours without protective atmosphere, with the aim of reducing interconnected porosity8 the change in the 
morphology was registered by optical microscopy as initial characterization. 
 
Specimen C Mn P S Si Cr Ni  N Al I W Mo B Co Fe Cu 
SS304 0.08 2.00 0.045 0.030 0.75 a20.0 a10.0 0.10         
MCrAlY      21.0 32.0  8.0 0.5    a   
Diamalloy 4006 1.0     20.0 Bal.a    10.0 9.0 1.0  1.0 4.0 
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Table 2. Deposition Parameters for the powder MCrAlY y Diamalloy 4006 
 
Tests were conducted in an autoclave from brand CORTEST with and recirculation system for the electrolyte as 
shown in Figure 1. The registration of the data was performed using a potentiostat Bio-Logic. Specimens used as 
electrode work (ET) were mounted on Bakelite leaving an exposed area of 1 cm2, these were cut and perforated with 
a drill to screw them to the electrode holder; reference electrode (ER) was Ag/AgCl (0.1 M KCl) which was 
prepared according to directions of the supplier for applications at high temperature.9 The counter electrode (EC) 
was Platinum. 

Parameter MCrAlY Diamalloy 
Oxygen Flow  30 l/min 37 l/min  
Propane Flow 20  l/min 25  l/min  
Air Flow 30  l/min 30  l/min 
Oxygen Pressure 150 psi 150 psi 
Propane Pressure 90 psi 90 psi 
Air Pressure 100 psi 100 psi 
Powder Feed 38 g/min 45 g/min 
hauling gas N2 N2 
Nitrogen Pressure in Feeder 150 psi 150 psi 
Transversal manipulator speed  1m/s 1.5 m/s 
Projection distance 9 in 9 in 
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Figure 1. Autoclave system. 10 
A geothermal fluid was used as electrolyte, it was collected from the AZ-7 well of the geothermal power plant 
"Los Azufres" (Morelia, México), which was modified with additions of NaCl and Na2SO4 as shown in table 3 with 
the aim of improving the conductivity.11 
The heated of the autoclave was conducted in way stepped from room temperature to the temperature of work 
which was 170°C, by controlling the pressure up to 8 atmospheres before starting with the electrochemical 
evaluation. These parameters were selected from the real conditions of the well AZ - 7 of “los Azufres”, such 
conditions were also compared with other wells around the world and have the same problems of corrosion. 
Table 3.  Composition of geothermal fluid 
2.2. Electrochemical test 
Open circuit potential of all samples was monitored for 24 hours before any electrochemical test, in order to 
ensure the stability of the system. Subsequently applied electrochemical impedance technique, sweeping in a 
frequency range of 10 kHz to 10 mHz with a range of amplitude of 20 mV graphing 6 points per decade. Finishing 
with the curve polarization technique by applying over-potential from -600 to +800 mV from the corrosion potential 
with a sweep rate 0.48 mV/sec, the results are compared against the normal hydrogen electrode (ENH). From the 
kinetic data obtained was determined the corrosion rate of each material. 
2.3. Characterization test 
For the characterization of the specimens after exposure by XRD, a D8 Advance Bruker AXS  equipment was 
used applying a flush beam (with a step of 0.20°) working at 40 kV and 40 mA with a scanning range of 20 to 90 ° 
2ș. For MEB technique a Jeol JSM - 5400LV equipment was used with high vacuum and 15 kV of voltage; at the 
same time a microanalysis was made using an energy dispersive (EDS) microprobe which was coupled to the MEB. 
Visual inspection ended with the collection of images using a Nikon Epiphot 200 to observe the change of the 
surface of coatings. 
Chemical species Concentration  (mg/L) 
Modified 
( mg/L) 
SO4-- 0.8 50 
Cl- 2.24 10,000 
Fe 0.366 
Na+ 0.556 
K+ 0.391 
SiO΍ 1.71 
Ca++ 0.114 
Cu 0.041 
Mn 0.028 
Al 0.067 
Cr 0.031 
Mg++ 0.321 
Ni 0.021 
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3. Results and discussion. 
Transversal cutting results show a change in the arrays of both coatings; for the MCrAlY coating and Diamalloy 
without thermal treatment figure 2a) and 2 c); it can be observed that the presence of pores and precipitates as well 
as the lack of bonding with the substrate SS304. While the sintered coatings 2b) and 2d) are notes homogenizing and 
a reduction in imperfections as well as an improvement in the fusion in the limits between the coating and the 
substrate. 
 
 
Fig. 2. MCrAlY: a) with, b) without thermal treatment; Diamalloy 4006: c) with, d) without thermal treatment. 
Figure 3 shows the variation of the corrosion potential in function of the exposed time to the geothermal fluid 
coatings and substrate. One of the properties that must comply the coatings used is to have a potential more noble 
than of metal to protect. From this point of view, you can see that both coating (MCrAlY and Diamalloy), do not 
comply with this condition since their potentials show that they are active materials and they can react with the 
geothermal fluid easily. At the end of the 24 hours of monitoring the potentials, all the materials achieve the 
equilibrium with the environment. 
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Figure 3. Open Circuit Potential obtained for the coating and the substrate in the autoclave during 24 hour of monitoring.[10] 
Figure 4) show diagrams of Nyquist;, for the frequency range studied only can appreciate a well-defined semi-
circle for MCrAlY coating, while for Diamalloy coating and substrate SS304 is defined slightly, these behaviors are 
defined in the literature as mechanism purely resistive where the electrochemical reactions are controlled by charge 
transfer. From the data of Nyquist graphs, it resorted to the use of a constant phase element (CPE) calculated from 
Equation 1; which are applicable to systems where the capacitance is not ideal. Adjustment is carried out by 
software "EcLab" from BioLogic potentiostat, where it was possible to obtain an equivalent electrical circuit shown 
in Figure 4 b), consisting of 2 resistors and one capacitor which represent a circuit Randles; this circuit represent the 
resistance of the electrolyte (Rsol) and the conformation of the electrochemical double layer between the coating and 
the solution and the last represent the own material resistance (Rct). The results of the adjustment are shown in table 
4. 
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Fig. 4.A) electrochemical impedance spectrum of substrate and coating exposed at geothermal fluid at 170°C and 8 Atm; B) Equivalent Circuit. 
 
Table 4. Parameters obtained by adjusting Spectrum of Impedance at high temperature. 
 
 
*Y=YP(jɘ)a;where YP: independent constant from de frequency with dimension μF/cm2s1-a; a: exponent with 0 <a<1 values and its related with 
the distribution width of the relaxation time of the system; j= 1 ; Ȧ: angular frequency =2ʌf 
Polarization curves presented in Figure 5, show the kinetic behavior of the coatings being exposed to geothermal 
environment at 170 °C, it show that the corrosion potential of both coatings (MCrAlY and Diamalloy), are in range 
more negative coinciding with that reported in the monitoring of open circuit potential where these materials tend to 
be more active under these experimental conditions, however, considering the current density can be seen that both 
coatings have lower current densities than the substrate which is shown to have a higher resistivity to the passage of 
current. By analyzing the anode slopes, it is possible to observe the MCrAlY coating shows a decrease in the current 
keeping potential in short range (about - 168 to 83 mV), this inflection is attributed to the formation of  corrosion 
products on the surface of the, so for this region the reactions are controlled by mass transfer; While for the 
Diamalloy coating, the mechanism that controls the reaction is characteristic of charge transfer where the surface of 
the electrode reactions are conducted slowly; for this coating, it is not possible to observe the formation of a 
passivation mechanism. With resistance data obtained from the impedance graphics and curves of polarization 
current densities, it is possible to obtain initials corrosion rates (Vcorr) which show that all coatings have lower 
degradation rate compared with the substratum (SS304)  the values are show in table 5, where stood out MCrAlY 
with a slower rate corrosion of 15.3797 mm/year obtained by polarization curves and 14.1863 mm/year through EIS, 
which is more clear for this technique to separate the contribution of resistances in the electrochemical system, by 
which Vcorr values obtained are even lower than the CP. However, the trend of the results between both techniques 
was consistent. 
Material Rsol/ Ohm CPE / ۴ ή ܛሺ܉ି૚ሻ A* Rct/ Ohm/cm² 
SS304 1.046 2.209 0.8351 7.12 
MCrAlY 0.8496 0.248 0.746 9.87 
Diamalloy 0.8693 1.128 0.574 8.52 
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Fig. 5. Polarization Curves of coatings and substrate exposed at high temperature 170°C and 0.8 MPa of pressure in the Autoclave. 
Table 5. Results of Corrosion Rate at High Temperature. 
Material Ecorr (mV) vs NHE 
B  
ExpV 
icorr 
(A cm-2) 
Cp EIS 
Vcorr 
( mm year-1) 
Vcorr 
( mm year-1) 
SS304 -148.591 0.0233 2.33E-02 77.3200 33.7720 
MCrAlY -232.834 0.0135 1.35E-02 15.3797 14.1863 
Diamalloy -331.191 0.0209 2.67E-02 31.1659 25.3897 
3.1. Final characterization  
X-ray diffraction studies show changes in the crystalline microstructure of coatings after the 
electrochemical tests, the diffractograms from the initial state of the coating sintered and the result after autoclave 
exposition are shown in Figure 6. MCrAlY coating shows changes in the width of the peaks characteristic of Cr2Ni3 
compared to its initial state, as well as find new chemical species such as NaCl and FeS2 as embedded in the surface 
of the coating; While for Diamalloy presents the formation of chromium oxide (Cr2O3);  the inlay found in 
Diamalloy was FeSO4āH2O. Later through the study of EDS, it was possible to confirm and quantify the presence of 
each of the species formerly reported (tables 6 and 7); microanalysis for both coating is shown in Figure 7. The 
presence of the initials constituent elements are still present in MCrAlY who despite being base cobalt is 
overshadowed by a greater presence of Chromium and Nickel, while Diamalloy being base Ni practically has no 
greater presence than formed chromium oxide. 
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a) 
b) 
 
 
Fig. 6. Diffractograms of the behavior for both coating before and after exposition: a) MCrAlY b) Diamalloy 4006.[10] 
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Fig. 7. Microanalysis due to EDS: a) Diamalloy 4006 , b) MCrAlY.[10] 
 
 
Table 6. Chemical composition of MCrAlY (%W) 
 
Table 7. Chemical Composition of Diamalloy 4006 (%W) 
Diamalloy 4006 Ni Cr Mo Fe Cl S O Ca W 
Sintered 58.59 22.91 10.46 4.06      
Exposed 7.34 40.08 2.06 1.83 1.41 2.24 37.51 0.44 7.09 
The results of MEB (Figure 8) show Images of cross sections, as well as micrographics of surface of coverings 
reveal the morphology of scale and corrosion products found; can be seen in cross-section that the matrix of both 
coatings is intact; products and precipitates have a globular form for Diamalloy while to MCrAlY they have laminar 
form over the surface of this. For both coatings, it is possible to observe certain areas that where scale is not 
anchored. 
MCrAlY Cr Ni Co Al Na Si S Cl 
Sintered 20.29 37.88 38.57 3.26     
 Exposed 35.39 30.97 22.64 5.22 1.91 0.52 1.25 2.10 
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Fig. 8. Micrograph and images of MEB; a) Diamalloy; b)MCrAlY. 
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4. Conclusions 
The sintering process promotes the inter-diffusion between phases in the coating, decreasing open porosity in the 
matrix and improving the interface with the substrate. Electrochemical results reported a better corrosion resistance 
to high-temperature coatings with regard to substrate since its passivating attributed to the coatings allow easier the 
nucleation and growth of nodular type inlay of SO42-, Cl- in MCrAlY, and oxides and FeSO4 in Diamalloy.   
The presence of such scales are common in this type of geothermal environments, which are promoters of 
mechanisms of failure by pitting, corrosion by cleavage (crevice for its name in English) and corrosion fatigue 
(Stress Corrosion Cracking),in steels without any protection. Also, the presence of Cr2O3 in Diamalloy and AlCo to 
MCrAlY coating reduces the mechanisms of failure mentioned above.  
For geothermal environments, Diamalloy and MCrAlY coatings tend to behave as sacrificial anodes, due to 
polarization studies and monitoring of Ecorr reported having more active potential with respect to the substrate. 
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